Abstract. In this paper, a novel configuration optimization method is proposed for reconfigurable manipulator. The optimize configuration of reconfigurable manipulator is proposed by using the genetic algorithm and the Dijkstra algorithm. Considering both minimum task execution time and minimum energy consumption, the evaluation criteria of genetic algorithm is formed inverse kinematic solution of reconfigurable manipulator. Based on general expression of joint transform matrix of reconfigurable manipulator, inverse kinematics problem is transformed into the problem of shortest path problem in directed graph. The virtual module is introduced to optimize the degree of freedom (DOF) of the manipulator Configuration. Finally, the results of the optimization analysis are verified by the simulation results.
Introduction
Traditional manipulator is developed according to the specific application task. It meets the needs of the application tasks at that time, but with the development of science and technology, the manipulator is applied more and more widely, the traditional manipulator of the single configuration has been unable to meet the demand for changes in the market. In order to solve the relationship between the performance and structure of the manipulator, a new kind of manipulator, reconfigurable modular manipulator, reflects better adaptability to different working environment and work scope by changing the configuration. How to find out the structure which coverage more extensive, the less system module, reconfigurable operation is more simple has been an important subject of research on reconfigurable manipulator. According to different task requirements, the reconfigurable manipulator can be free to increase or decrease module, and transform the connection method. Many existing methods for configuration design, but only limited to the completion of a specific task without considering the generality of configuration design. Therefore, it is necessary to find a way to construct the structure based on task reachability and general purpose.
Genetic algorithm has been widely used in the optimization problem of reconfigurable manipulator. Because of its own characteristics, the search speed of genetic algorithm is relatively slow, and it needs more time to get more accurate solution. In order to avoid these disadvantages, the genetic algorithm is used by combining with other intelligent algorithms. In the process of manipulator configuration optimization with genetic algorithm, [1] introduced the concept of temporary joint module. [2] proposed a new configuration called Configuration Connection Matrix (CCM), and used a method combined genetic algorithm with simulated annealing algorithm for reconfigurable manipulator configuration optimization. In this paper, the change of the joint angle of the reconfigurable manipulator is used as the evaluation criterion of the genetic algorithm. The inverse kinematics solution of the manipulator includes a closed solution and a numerical solution. The closed solution is high accuracy, fast speed and easy to determine all possible solutions, but it is more dependent on the specific geometrical features of the manipulator specific mechanism, suitable for solving the inverse kinematics of manipulator with a simple structure model. The numerical solution include based on Jacobi matrix solution, neural network solution, genetic algorithm and so on. By the structure plane matching method, [3] proposed a solution for solving the inverse kinematics of reconfigurable manipulator. [4] proposed a hybrid electromagnetic mechanism based on electromagnetic mechanism and pattern search. The method of REM algorithm and PS search method solved the global exploration and local exploitation ability of the algorithm. [5] proposed a configuration transformation method by changing the parameters of D-H method. In order to reconstruct real-time and adaptive, a strategy for control system and mechanical system was presented in [6] . These methods are the inverse kinematics solution of a simple manipulator, which is not suitable for the combination of genetic algorithm. With the development of the mathematical programming method and computer, it is possible to analyze the structure of complex problems naturally with a new optimization strategy. By combining the standard method with the mathematical programming method, [7] shown that the results obtained by the method of the dual column are similar to those obtained by the standard method. So it is feasible to combine genetic algorithm with Dijkstra algorithm to solve the problem of configuration optimization. It does not only solve the problem of slow speed of the genetic algorithm, but also guarantees the accuracy of the solution.
In this paper, the inverse kinematics of the manipulator is used as the evaluation criterion, and optimizing reconfigurable manipulator configuration with the genetic algorithm. The inverse kinematics of the manipulator is transformed to the problem of the shortest path of directed graph. To combine genetic algorithm with Dijkstra algorithm, it is not only reduces the computational difficulty of mathematical methods in the multi-variable problem, but also avoids the problem of the genetic algorithm to search the slow and easy to fall into local optimum. The concept of virtual module is introduced to optimize the DOF of reconfigurable manipulator. Finally, the optimization method is verified by simulation.
Kinematic Model of Manipulator
The design of the manipulator modular joint needs to consider the structure and size, also to have a good generality and interchange. In Fig. 1 , take 6-DOF reconfigurable manipulator of xPartner Evolutionary Force™ EV-M robot Series as an example. The module can be divided into joint module and link module. The joint module connected with different link module forms the rotary joint and swinging joint. Based on modular thought of reconfigurable manipulator, a kinematic model for each module is established by using the modified D-H parameter method. The joint module has only one variable, and the connection module has no variable. Connecting mechanism connect between modules. In order to facilitate the expression, the unified expression of the reconfigurable manipulator module is established. Where, θ -The rotation angle of rotary joint, it is zero for other modules;
β -The rotation angle of swinging joint, it is zero for other modules;
h -The connecting length of swinging joint, it is zero for other modules; l -The connecting length of rotary joint, it is zero for other modules. As shown in Fig. 2 , the coordinate for different joints established. In the initial state, the coordinate only needs to rotate 
Design of Configuration Optimization Method

Implementation of configuration optimization based on the genetic algorithm
Genetic algorithm uses the probability of optimization method, can automatically obtain and guide the optimization of search space, adaptively adjusts the search direction, does not need to determine the rules. It is widely applied to the domain of combinational evolutionary problem seeking, self-adapt controlling and machine learning. In this paper, genetic algorithm is used to optimize the configuration of reconfigurable manipulator, a unified evaluation index is needed for the reconfigurable manipulator with different configuration. Select the following two indicators: the amount of accessibility and the angle of each joint.
Select the accessibility, reconstruction of the difficulty, the variation of joint angles as the evaluation index. The advantage of this method is that the reconstruction of reconfigurable manipulator can be more easily and quickly. The change of joint angle is used as the evaluation criterion, and the task execution time and energy consumption are considered comprehensively. The fitness function is selected as follow:
Where, q is the angle of each joint, q is the 1 paradigm of the angle of each joint, k is the weight between the DOF and the angle of each joints, L N is the DOF of final configuration. The power law is introduced in the design of the genetic algorithm selection operator, in the t-th generation, the probability of being chosen as an individual is , the mutation operator is chosen as
Solution of Inverse Kinematics based on the Dijkstra algorithm
The reconfigurable manipulator is usually used in series configurations, a variety of configurations can be accomplished for the same task as shown in Fig. 3 . The reconfigurable manipulator configuration can be regarded as a connected directed graph. Taking the center of the base of the reconfigurable manipulator as the start point, the destination is the end of the reconfigurable manipulator, joint angle is the weight of the directed edge. Then the problem of the inverse kinematics of the manipulator is equivalent to the problem of the shortest path of the directed graph. Obviously, there is a linear relationship between the given task matrix and the positive motion model. Therefore, the inverse kinematics of reconfigurable manipulator is obtained by using the Dijkstra algorithm, and the inverse solution is used as the evaluation criterion of genetic algorithm. Set the target function according to the evaluation criteria. Finally, the optimal configuration is obtained.
The optimization objective is minimum execution time and minimum energy consumption as follow.
w is the value of angle of the i-th joint, i w is the weight value is larger, and the cost of rotation is relatively larger. D. E. Whitney proposed the concept of weighted kinetic energy:
It is unified with the objective function. While the objective function is minimum, the system's kinetic energy is also minimum. • is pseudo inverse operation.
w is weight diagonal matrix. Due to the existence of redundant degrees of freedom, there are many Kinematic inverse solutions which is the value of the directed graph edge of the reconfigurable manipulator configuration problem. According to the Dijkstra algorithm, the shortest distance between the vertices of directed graph is
By the Eq. 13 and Eq. 14, the minimized solution of the objective function is Combined Genetic algorithm with Dijkstra algorithm, the optimization of the mechanical structure is carried out in two aspects: the minimum time and the minimum energy. Program structure is as shown in Fig. 4 . 
Simulation
The 20 configurations of the reconfigurable manipulator are randomly generated as the initial population of the genetic algorithm, which is formed with a rotary transmitting module, a swinging module and a virtual module. The matrix order of each individual in the population is 6 1 × . The different joint types are encoded as follows: Solving the optimal configuration of reconfigurable manipulator can be achieved as follow pose. 
Conclusion
In this paper, a novel method based on the graph theory in the operations research is proposed. By using generality of solving the inverse kinematics problem of reconfigurable manipulator with different configuration by graph theory method, combined genetic algorithm with Dijkstra algorithm to optimize the structure of reconfigurable manipulator. During the optimization process, consider the two aspects of minimum execution time and minimum energy. The optimization of the DOF reduces difficulty of the reconstruction process by the introduction of virtual modular. By using this method, the optimal assembly mode and joint angle of the target task can be solved simultaneously. Finally, the optimization of the 3D simulation is verified.
